This paper investigates the effect of de-oxidation inclusions on micro-structure in low carbon (0.07 mass%), high Mn (0.9 mass%) steel. De-oxidation tests were carried out by adding either aluminum (0.05 mass%) or titanium (0.05, 0.03 or 0.015 mass%) to an iron melt in a 400 g-scale vacuum furnace. A Confocal Scanning Laser Microscope (CSLM) was used to evaluate the effect of cooling rate by re-melting and quenching during solidification. Fine secondary de-oxidation particles were obtained in the Ti-killed samples, and the particle density increased with increasing oxygen content, and their size decreased with increasing the cooling rate during solidification.
Introduction
In recent years, low carbon high manganese steel has been widely used for structural thick plate products, such as construction, U-pressed O-pressed pipe, ship body and bridges. For those products, the balance of strength and ductility and weldability are required practically. Small oxide particles such as MgO and CaO, which are more stable during high-heat input welding conditions than TiN, have been utilized in the heat affected zone during welding, for pinning of the austenite grains.
1) To achieve the desired effects, oxide particle should be small and well dispersed and primary de-oxidation particles obtained in the steelmaking process are too coarse (1-3 μ m) to control microstructure by pinning of austenite grain growth and for providing heterogeneous nucleation sites for ferrite precipitation. From the viewpoints of energetic and economic advantages, processing methods such as Direct Hot Charge Rolling (DHCR), thin slab casting, strip casting 2) and Cast Steel Products (CSP) are becoming more widely used due to their advantages in energy savings and productivity. In the case of DHCR process, a large amount of energy for re-heating ISIJ International, Vol. 51 (2011) , No. 12 can be reduced, which contribute to reduction of CO2 emission. However, in these DHCR and CSP processes, ThermoMechanical Control Process (TMCP) cannot be fully utilized since rolling conditions such as speed are determined partly by the casting speed. Hence, inclusion and precipitation control in steelmaking and casting process is becoming crucial as an alternative tool for microstructure control.
The focus of this paper is on fine secondary de-oxidation particles in low carbon high manganese steel, for microstructure evolution such as, refinement of solidified microstructure and ferrite precipitation as heterogeneous nucleation sites and for restraining the austenite grain growth by pinning. Suito et al. reported the pinning effect of oxide particles on austenite grain growth, Ce2O3 and CeS in Fe-C alloy, [3] [4] [5] MgO and ZrO2 in Fe-10%Ni alloy. 6) Austenite grain size would be estimated by the equation proposed by Zener 7) or Nisizawa et al., 8) which consist of the particle size and fraction, if the particles could be defined as mono-disperse. Many reports have investigated how to obtain IGF (Intragranular Ferrite) in the heat-affected-zone during welding steels utilizing non-metallic particles. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Ohkita et al. 19) reported that oxide particles containing TiO were effective for acicular ferrite formation. Chijiiwa et al. 20) reported the effect of TiN and Ti2O3 on the amount of IGF, and showed that Ti2O3 was much effective than TiN at temperatures higher than 1 350°C due to TiN dissolution at these temperatures. Oxide particles have been utilized as a heterogeneous nucleation site of the precipitations of ferrite, 21) nitrides 22) and sulfides. 23, 24) In the previous papers, [25] [26] [27] [28] we reported that the finer solidified microstructure could be obtained by achieving higher density of small secondary oxide particles of sizes below 1 μ m. Furthermore, the effect of oxygen content and cooling rate during solidification on the secondary oxide particle generation had been elucidated. The small secondary oxide particles were shown to have an effect of pinning the austenite grains and to promote ferrite precipitation.
In this paper, the oxide particles obtained through Ti deoxidation were evaluated by FE-TEM analysis 29, 30) and thermodynamic calculations. The ability of heterogeneous nucleation for ferrite was investigated through thermomechanical treatments. With the results and those in previous reports, the effect of the secondary Ti de-oxidation particles on microstructure evolution, solidified microstructure, austenite grain growth and decomposition are discussed.
Materials and Methods
Melting of carbon steel (C/0.07 mass%, Mn/0.9 mass%) and de-oxidation was carried out in a vacuum-induction furnace, and the melt was subsequently cast in either a watercooled copper or water-cooled stainless-steel mold. The resulting solidification structure was characterized through imaging in an optical microscope and the rate of solidification was estimated from the secondary dendrite arm spacing. Inclusion size, dispersion and chemistry were characterized with Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), Field Emission -Transmission Electron Microscope (FE-TEM) and Energy Dispersive Xray spectrometer (EDX).
The solidification tests with various cooling rate were carried out in either a mold in the induction furnace or in an IR-furnace attached to a Confocal Scanning Laser Microscope (CSLM).
Material
A mother ingot (50 kg) was produced in a vacuum furnace by melting electrolytic iron (Wako Chemicals Fe/ 99.97%), graphite (Tokai carbon C/99.5%) and metallic Manganese (Wako Chemicals Mn/98%). The resulting chemical composition of the mother ingot was C/0.10, Si/ 0.01, Mn/0.94, P/0.024, S/0.001 and T.O/0.0273 mass%. The ingot was sectioned and machined into small pieces (400 g, φ 40×H=30 mm) for use in the de-oxidation tests.
Iron oxide, Fe2O3, was added before killing to obtain the higher oxygen content Ti-killed sample. Target compositions of Ti and dissolved oxygen activity (ao) measured by an oxygen sensor after de-oxidation process were [Ti]=0.01-0.1 mass% and ao =10-80 ppm respectively.
De-Oxidation and Casting
De-oxidation tests were carried out inside a vacuum furnace.
25) The furnace chamber was evacuated and refilled with grade 5.6 Ar (99.9996%) before heating. The ingot sample was placed inside a MgO (φ 50-40×H=120 mm, TEP Ceramics, MgO/99%) crucible and heated to 1 873 K and subsequently, de-oxidized through titanium (99.99%) addition. The oxygen contents before and after de-oxidation were measured through immersion of a custom-made oxygen sensor (Mo/Cr+Cr2O3 // ZrO2 (CaO) // Fe-O/Fe supplied by Heraeus Electro-Nite). Finally, the molten de-oxidized steel was poured into a water-cooled copper and stainless steel mold ( Inner size: 60×40×40 mm). The Al killed sample and a sample with no material added for deoxidation in the previous study 25) were used for comparison with the Ti-killed samples investigated in this study.
Confocal Scanning Laser Microscope (CSLM)
The experiments of rapid cooling from molten steels were carried out with a confocal scanning laser microscope (CSLM). Details on the CSLM and its capabilities can be found in the pioneering work by Emi and co-workers, [31] [32] [33] and the CSLM used in this study can be shown in the previous paper. [25] [26] [27] [28] The sample was heated to 1 873 K at a rate of 10 K/s. after which the molten sample was maintained for 1 minute, and subsequently cooled to room temperature at the aimed cooling rate. The cooling rates were aimed at 1, 14 and 80 K/s. in the range from 1 873 to 1 673 K. A schematic of the thermal history employed is shown in Fig. 1(a) . The specimens were heated and melted under a flowing Ar gas (0.8 Nl/min.) and solidified under either an Ar or a Hegas jet (0.8 Nl/min.). The latter resulted in cooling rates approaching 100 K/s. The samples chosen for these experiments were such that they were solidified at a low cooling rate in the vacuum-furnace. Therefore, they contained a minimum amount of secondary de-oxidation inclusions at the start of the CSLM experiment.
CSLM was also used for the in-situ observation of austenite grain growth during iso-thermal holding at 1 300°C. The experimental thermal profile is shown in Fig. 1(b) . The specimens were melted and cooled under an Ar gas atmosphere (0.8 Nl/min.). Heating and cooling rates were 5 and 13 © 2011 ISIJ K/s. respectively. After cooling, ferrite precipitations were observed with optical microscope (Nikon Eclipse ME600).
Characterization
The chemical compositions of the cast samples were measured through infrared absorptiometric method after combustion in oxygen for the elements of carbon and sulfur. Inert-gas-carrier melting thermo-conductimetric method was used to evaluate total N and inert-gas-carrier meltinginfrared absorptiometric method was used for evaluating the total O. ICP-OES (Inductively coupled plasma optical emission spectrometric method) was used for all other elements. In the case of soluble Ti and Al, these were analyzed using the residual dross after the analysis of total Ti and total Al. The dross was melted by pyo-potassium sulfate, and then, filtrated with hydrochloric acid as a specimen for ICP-OES.
Inclusions and solidification microstructure of de-oxidized samples prepared in the vacuum induction furnace and samples obtained by re-melting and solidification in the CSLM hot-stage were evaluated. As for the de-oxidized sample, two sections were selected in each cast sample. In the case of the vacuum furnace experiments, one of these sections was close to the water-cooled copper mold (bottom), the other section was far from the mold (top). This was done in order to determine the effect of cooling rates. Each part was sectioned into ~2 mm thick slices, and cut into ~4×4 mm squares. The samples were polished, using a Struers TegraSystem TM automatic polisher, by a sequence of: 320 SiC paper disc, 9 μ m diamond suspension on a fine grinding disc, 3 μ m diamond suspension on a stain-woven acetate polishing cloth, 1 μm diamond suspension on a synthetic short-nap velvet polishing cloth, 1/4 μm diamond suspension on a synthetic short-nap velvet polishing cloth. Polished samples were thoroughly cleaned between polishing steps using precision, non-abrasive, residue-free detergent solution.
The samples were etched with picric acid saturated aqueous solution to reveal dendrites 26) by which cooling rates during solidification were estimated according to Eq. (1). 34) (1) where, λ2 is secondary dendritic arm spacing (μ m) , Rc is cooling rate (K/min.) Inclusions in each sample were observed with a Phillips XL-30FEG Scanning Electron Microscope at three specific areas (0.25 mm 2 /each area). The sub-micron meter oxides in the Ti-killed sample were evaluated through microanalysis with the use of Field Emission -Transmission Electron Microscope (FE-TEM) and Energy Dispersive X-ray spectrometer (EDX). The sample preparation for TEM was based on a typical 2-step extraction replica method, in which precipitates were fixed in carbon evaporated film and its film was scooped on an Al grid. 29, 30) 
Thermo-mechanical Treatments
Thermo-mechanical treatments were carried out in order to evaluate particles about an ability of nucleation for ferrite precipitation. THERMECMASTER-Z (Fuji Electronic Industrial Co., Ltd.) was used for the tests. Iron sample is φ 8 mm×12 mm for the equipment. Sample preparations are shown in Fig. 2 . The sample piece was cut into half, and pure oxide, nitride or sulfide particles were put on the cross section between pieces. TiO, MnTiO3 TiN, Al2O3, Ti2O3 and MnS (powder, Koujundo Chemical Laboratory Co., Ltd.) were tested, and Fig. 3 shows thermal and stress profiles. Sample 1 (Al-killed steel) was used for the tests, since ferrite precipitations in this sample were observed mainly form grain boundaries. In the case of other Ti-killed steel, many ferrite precipitations were observed from inclusions, and those were hardly distinguished from the ferrite precipitated at specific oxides, which were sandwiched at the center of specimens. 
Chemistries and Characterization of Inclusions
Chemical compositions of samples obtained through the de-oxidation tests are listed in Table 1 . Samples 2-6 are Tikilled samples with various oxygen and Ti contents, corresponding to different Ti/O ratios. Sample 1 is an Al-killed sample that was used for comparison. Samples 1, 2, 6 and 7 are new experimental data but they are discussed in light of former data. Thus all the samples in Table 1 are used in the paper. Especially, samples 3, 4, 5, 8 and 9 26, 28) are used in the discussion. Experimental conditions, during the molten-stage processing, of samples 3 and 6 were the same. A water-cooled copper mold was used for sample 3 resulting in a cooling rate of 6.6 K/s (bottom). A water-cooled stainless steel mold brought a cooling rate of 5.2 K/s (bottom) for sample 6. Included in this table are also the estimated values for soluble oxygen and nitrogen, denoted as [O]e and [N]e respectively. These were computed by using the soluble Ti and Al contents and ignoring the impurity oxides from crucibles and other sources and assuming equilibrium was reached at 1 873 K during de-oxidation. Equilibrium values were calculated with available thermodynamic data [35] [36] [37] [38] at 1 873 K (Ti3O5) and 1 573 K (TiN) according to the method provided in a previous paper. 26) For Ti-killed steels, the total nitrogen and oxygen contents were compared with calculated solubility limits assuming the equilibration with Ti3O5
(1 873 K) 36) and TiN (1 873 K 37) and 1 573 K). 38) In Ti-killed steel, the stable Ti-oxide is expected to be Ti3O5 for [%Ti] < 0.1. 36) In low oxygen Ti-killed samples, the obtained oxygen contents were lower than the calculated equilibrium ones, which suggests that oxide particles are considered to be secondary de-oxidation particles. In high oxygen Ti-killed samples, the obtained oxygen contents were same or slightly higher than the calculated equilibrium ones, which suggests that oxide particles are considered to be the mixture of primary and secondary de-oxidation particles. TiN is stable in the melt for the low oxygen (high [Ti]) samples whereas in the high oxygen (low [Ti]) samples (sample 3 and 4), it should not precipitate until temperatures reach 1 573 K and below. In Ti-killed steel, inclusion size and density increased with increasing the starting oxygen content. In low starting oxygen content sample below 10 ppm, inclusion size decreased and inclusion density increased with increasing the cooling rate during solidification only in Tikilled steel. 26) With this result, inclusions in low starting oxygen content Ti-killed steel are considered to be secondary inclusions. In the previous paper, 26) solidified microstructure was dependent on the small inclusion density smaller than 1 μ m in Ti-killed steel. The effects of Ti/O and cooling rate on the density of sub-micron meter inclusions are shown in Fig. 4(a) . . It should be noted that the samples re-melted and rapidly cooled in the CSLM contained primary large inclusions (not considered in the analysis) and a negligible amount of secondary inclusions from the initial ingot. The cooling rates of the cast samples are 2-6 K/s. In Figs. 4(a) and 4(b) , vertical lines are inserted to represent the cooling rates during solidification, which were employed in this study (shown in Fig.  1(a) ). The intersection of these lines with the curves representing inclusion density in Fig. 4(a) would indicate the inclusion density, which would be present at the end of solidification of the sample. It should be noted that the inclusion population analysis did not consider inclusions smaller than 0.03 μ m. Inclusions were evaluated in the samples of CLSM at 3 cooling rates of 1, 14 and 80 K/s as shown in Fig. 1(a) along with the previous cast samples. 26) From the results, oxides in Ti-killed samples are considered to be secondary de-oxidation particles. In the case of Alkilled samples, larger Al2O3 clusters were observed. Hence, the inclusion density and their size in Al-killed samples were not influenced by the cooling rate. 
Detailed Characterization and Detection of Oxide particles with FE-TEM
O, and oxides were identified as MnTiO3 in Fig. 6(b) and Mn2TiO4 in Fig. 7(b) 21, 26) in which diffusion in solid phase is taken into consideration. In the segregation model, 21) segregated oxygen content increases with increasing the cooling rate during solidification due to lowering a local solidification time. As the result, the segregated oxygen content increases, since soluble oxygen isn't consumed by oxide growing at the case of higher cooling rate. Segregated Table 2 . Moreover, the estimated species of (Mn,Fe)O and Ti-Mn-O (liq.) have not been identified in the TEM observations. Those may be attributed to some uncertainty in parameters complied in the software. TS in Table 2 41) reported the estimation of oxide in molten pure iron de-oxidized by Ti and Al, stating that TiO was observed in the case of lower soluble oxygen and higher Ti contents. In the case of high oxygen Ti-killed steels (No.3 and 4), Mn2TiO4 is sable at 1 400°C, but not at TS. Therefore, Mn2TiO4 can precipitate in solid state. Figure 8(a) shows the microstructures after thermomechanical treatments. The observed sections are indicated in the pictures. Ferrite precipitations are observed mainly from austenite grain boundaries in the blank sample as shown in Fig. 8(a) , (i) and (ii). Ferrite precipitations from both sides of the sandwiched TiN particles are observed as shown in (iii). Figure 8(b) shows the ferrite precipitations from sandwiched oxides. In the figure, base point of ferrite precipitations are indicated with white arrows. The number of ferrite precipitations in the cases of TiO and TiN are greater than those in the case of the other particles. The ability of nucleation for ferrite precipitation was evaluated with the number of precipitated ferrite from the sandwiched oxide particles in the specific area (0.25 mm 2 ). The number of ferrite at the both sides of sandwiched oxide particles were counted in higher magnification (×500) pictures of Fig.  8 . The numbers of ferrite precipitations are shown in Fig. 9 . TiO is the most effective on ferrite precipitation as a heterogeneous nucleation site. Accounting for the other particles, it is obvious; TiO>TiN>MnTiO3>MnS>Ti2O3. No ferrite precipitation was confirmed in the case of Al2O3.
Evaluation of Microstructures in Thermo-mechanical Treatments

Discussions
Effects of Secondary Ti De-oxidation Particles on
Microstructures Effects of the secondary Ti de-oxidation particle on solidified microstructure, austenite grain mobility during transformation from delta-ferrite to austenite, austenite grain growth and decomposition have been investigated in the previous papers. [25] [26] [27] [28] Results are summarized as follows. The following results are obtained by evaluating with the samples in Table 1 .
(1) Finer solidified microstructure can be obtained by higher density of secondary Ti de-oxidation particles smaller than 1 μ m. 26) (2) Secondary Ti de-oxidation particle pins austenite grain mobility during transformation from delta ferrite to austenite. 27) (3) Secondary Ti de-oxidation particle pins austenite grain growth at 1 200-1 300°C and enhances ferrite precipitation as heterogeneous nucleation site. 28) The effects of secondary Ti de-oxidation particles on microstructure evolution are discussed in this section.
Solidified Microstructure
In the previous paper, 26) it has been reported that the solidified microstructure could be finer with higher density of fine Ti oxide particles smaller than 1 μ m. The mechanism of the phenomenon was suggested to be similar to that reported by Ness et al.. 42) Fine particles at dendrite tips and inter-dendritic regions restrain the dendrite growing with blocking the flow of molten steel during solidification. Shibata et al. 43) reported PET (Pushing-Engulfment Transition) velocity at solidification front as shown in Eqs. (2) and (3). Equation (2) is the case of Al2O3 and (3) is liquid globular oxide particle (CaO-SiO2-Al2O3). The Eqs. (3) where, Vc and Vc′ are solidification rates, and R is radius of particles. The PET velocities can be obtained with particle size, and compared with a solidification rate. If the solidification rate is lower than the PET velocity, 'Pushing' takes place, while if higher, 'Engulfment' takes place. In the case of 'Pushing', particles don't have any influence with the interface of solidification. On the other hand, in the case of 'Engulfment', bumps are created at the interface of solidification because of a difference of thermal conductivity between steel and particles, causing a finer solidified microstructure. In this work, solidification rates were calculated by Eq. (4) proposed by Hanao et al. 44) simulating a continuous casting machine. Equation (5) Here, dshell is thickness of solidified shell (mm). t is solidification time (minutes). The solidification time was calculated by both the cooling rates and the difference between liquidus and solidus temperatures. 45) In this work, Vshell is assumed to be the same as the solidification rate. Figure 10 shows the relationship between the particle size and velocities of PET. The solidification rates are higher than the PET velocity. Hence, the particles in this work are the case of 'Engulfment', which indicates that the particles have the effect on finer solidified microstructure through the interaction with dendrite growing. Wang et al. 46) investigated the conditions for engulfment and pushing in the case of liquid inclusion (Al2O3-CaO-MgO) in low carbon Al-killed steel through in-situ observation with CSLM. To further verify this tendency, another model was applied. Equation (6) was proposed as the critical velocity for engulfment at the delta ferrite intercellular boundaries during solidification, 46) where Vcr′ is the critical velocity for engulfment at the intercellular boundaries, and R is the radius of particles. The critical velocity with Eq. (6) are smaller than those with Eqs. (6) Oikawa et al. 47) reported the effect of Ti oxide on solidified microstructure in low carbon high manganese steel. In the report, Mn-Ti-O (liquid oxide) works as a heterogeneous nucleation sites for MnS precipitation. Solidified microstructure is finer due to the interaction between MnS and dendrite tip as the condition of 'Engulfment'. In this work, liquid globular inclusions of Ti-Mn-O were observed in high oxygen Ti-killed samples, and tiny amount of MnS were confirmed in FE-TEM analysis. However, the mechanism is supposed to be different due to much lower sulfur content (1/10) than their study.
Austenite Grain Growth
The pinning effect of the secondary Ti de-oxidation particles on austenite grain growth was discussed in the previous paper 28) concluding that the austenite grain size after isothermal treatment ( Fig. 1(b) ) didn't have clear correlation with Zener's equation. 7) And the final austenite grain sizes after isothermal treatment ( Fig. 1(b) ) correlated only with size of particle, and are independent on their chemistries. 28) Takano et al. 48) indicated the effect of Si-Mn de-oxidation particle (0.2 μ m) on austenite grain growth in stainless steel.
They compared the adoption of Zener's 7) and Doherty's 49) equations for the austenite grain size, proving that resulting computed austenite grain size agreed well with the Doherty's 49) equation. Doherty's 49) equation is expressed as Eq. (7), where, D is austenite grain size, d is particle size, β is austenite grain radius of curvature, φ is probability of particle located at grain boundaries and f is volume fraction of particle. The equation was obtained by statistical thermodynamics simulations, in which β is estimated to be twice as the average grain radius, and 50% of particles is estimated to locate at grain boundaries (β=2, φ=0.5). Figure 11 shows the relationship between the austenite grain size calculated by Doherty's 49) equation and that observed. One can understand that austenite grain size can be calculated with the Doherty's equation. 49) Therefore, 50% of secondary Ti de-oxidation particles in this work are considered to locate at grain boundaries and pin the austenite grain growth. On the other hand, it was reported that the austenite grain sizes pinned by TiN could be estimated by Zenner's 7) equation.
50)
Fig. 10. Relationship between particle size and PET velocity.
Ferrite Precipitation
In the previous paper, 28) it has been reported that the density of ferrite precipitation didn't have a clear dependence with Zener's pining force 51) or austenite grain size, but a correlation seemed to exist with the particle size. Figure 12 shows the relationship between the inclusion density and ferrite density obtained the experiments as shown Fig. 1(b) . The effect of the particles in low oxygen Ti-killed samples on the ferrite precipitation is significantly higher than those in the other ones. Hence, the effect of TiO is more significant than MnTiO3, Mn2TiO4 and Al2O3. As shown in Fig. 9 , TiO is the most effective on ferrite precipitation as a heterogeneous nucleation site.
9) It should be noted that an inclusion of TiO has ability of ferrite grain formation because the solid circles lie close to the 1:1 line. With EBSD analysis, Ferrite precipitations were also observed from oxide particles in low oxygen Ti-killed sample, in which TiO was detected through FE-TEM. TiO and TiN are cubic structure and have a higher lattice consistency with that of ferrite, therefore, they create a lower energy interface around themselves. As a result, ferrite precipitation can be promoted on TiO 19) or TiN 50) particles. TiO is supposed to work as a heterogeneous nucleation site on solidified microstructure, δ-ferrite precipitation, whose crystal structure is the same as that of α-ferrite. TiN is not stable in the temperature range of solidification, but TiO is stable at that temperature range and can be utilized as a heterogeneous nucleation site in solidified microstructure. Koseki et al. 52, 53) investigated ferrite nucleation from single crystal Ti-oxides deposited on iron or steel plate. TiO (100) has a significant effect on ferrite precipitations compared with TiO (111) and Ti2O3. No ferrite precipitation was observed in the case of Al2O3. The effect of TiO was explained by its lower lattice misfit ratio (3.1%) with ferrite. On the other hand, Ti2O3 and MnS are hexagonal structure, and the lattice consistency with ferrite is low. In the researches of 'Oxide metallurgy', 23, 24) ferrite precipitation is promoted by Mn depression zone around MnS precipitations associated with Ti2O3 as a heterogeneous nucleation site. Koseki 53) discussed the effect of Ti oxide on enhancing IGF precipitation in the Heat Affected Zone. He 53) pointed out that Ti oxides possibly contain Mn during solidification, but the role of the Mn depression zone for ferrite nucleation has not been cleared yet.
Contrary, TiO works directly as a heterogeneous nucleation site for ferrite precipitation resulting in restraining the molten steel flow during solidification. Consequently, it pins the austenite grain growth through its presence at grain boundaries.
Conclusions
Characterization of secondary Ti de-oxidation particles in low carbon (0.07%), high Mn (0.9%) steel, and their abilities of microstructure evolution were investigated. Results are summarized as follows.
( (2) Secondary Ti de-oxidation particles are engulfed by the advancing solidification front according to analysis of solidification rate and PET (Pushing Engulfment Transition) velocity associated with particle size. It is suggested that the secondary Ti de-oxidation particles at the dendrite tip or inter-dendritic regions restrain the molten steel flow during solidification.
(3) Secondary Ti de-oxidation particles have an ability of pinning austenite grain growth. Austenite grain size after isothermal treatment at 1 200 and 1 300°C can be predicted through Doherty's equation, in which the austenite grain radius of curvature is twice as the average austenite grain size, and 50% of particles locate at grain boundaries.
(4) Ferrite precipitation was evaluated through thermo- mechanical tests. TiO is the most effective on ferrite precipitation as a heterogeneous nucleation site. Accounting for the other particles, the ability of heterogeneous nucleation site for ferrite precipitation is in the following orders, TiO>TiN>MnTiO3> MnS>Ti2O3. TiO and TiN are considered to have higher ability for ferrite precipitation due to their cubic structure, which have higher lattice consistency with ferrite. TiO is suggested to work as a heterogeneous nucleation sites for δ-ferrite precipitation during solidification as well.
